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1. Introduction
===============

Human immunodeficiency virus type 1 (HIV-1) is classified into three groups: M (main), that accounts for more than 99% of the worldwide pandemic, N (new or non-M/non-O), that is not clearly defined yet, and O (outlier), that has a genomic sequence differing by 60% from group M. Each group is furthermore divided into subtypes based on differences in their *env*, *gag* or *pol* gene sequences.[@BIB1] Although much less abundant than group M, group O viruses are spread widely in Cameroon and Equatorial Guinea.[@BIB2] Their resistance to non-nucleoside reverse transcriptase inhibitors active against group M[@BIB3] as well as the rapid rate at which they develop resistance to protease inhibitors indicate that they could become an important threat.[@BIB4], [@BIB5], [@BIB6]

HIV-1 uses a programmed −1 ribosomal frameshift during translation of its full-length messenger RNA (mRNA) to produce the Gag--Pol polyprotein, the precursor of the viral enzymes. This programmed event allows a minority of ribosomes to shift the reading frame at a specific sequence before they encounter the stop codon of *gag*, and to extend the translation to the *pol* gene, while conventional translation of the same mRNA by the majority of ribosomes produces the Gag polyprotein, the precursor of the viral structural proteins.[@BIB7], [@BIB8] The efficiency of the frameshift event controls the Gag--Pol to Gag ratio, which is critical for RNA dimerization, particle assembly, replication and viral infectivity.[@BIB9], [@BIB10], [@BIB11] Therefore, increasing or decreasing the frameshifting efficiency can interfere with the formation of infectious viral particles.

The programmed −1 ribosomal frameshift requires two *cis*-acting elements in the viral mRNA: a heptameric slippery sequence where the frameshift takes place (U UUU UUA in HIV-1) and a downstream stimulatory signal. In group M, the stimulatory signal was previously assumed to be a simple 11-bp stem capped by a 4-nt loop,[@BIB7], [@BIB12] although an alternative structure was proposed but without any experimental support.[@BIB13] It was recently shown independently by our group[@BIB14] and by Dinman *et al*.[@BIB15] that the frameshift stimulatory signal is longer than believed and that the sequence downstream of the classic stem-loop contributes to the frameshifting event. Using a combination of site-directed mutagenesis and probing experiments, we demonstrated that this signal is an extended bulged stem-loop for subtype B of group M,[@BIB14] the subtype that prevails in North America and Europe, and also that the same extended bulged stem-loop structure is found in all subtypes of group M (our unpublished results). In this signal, the upper portion of the stem corresponds to the classic stem-loop previously considered as the frameshift stimulatory signal, while the lower portion is formed by a base-pairing between the spacer separating the slippery sequence from the classic stem-loop and a complementary pyrimidine-rich sequence downstream of this stem-loop ([Figure 1](#FIG1){ref-type="fig"}). This structure thus differs from most frameshift stimulatory signals, which were shown to be pseudoknots.[@BIB8], [@BIB16] Dinman *et al*.[@BIB15] proposed an alternative structure for the frameshift signal of HIV-1 group M. In their model, the pyrimidine-rich sequence downstream of the classic stem-loop interacts with three bases in the loop capping this stem through Watson--Crick interactions and forms a triplex with 4 bp on top of this stem. However, as discussed by Dulude *et al*.,[@BIB14] a careful analysis of this model shows that it is highly improbable, a major criticism being that the pyrimidine-rich strand that forms the triplex is in an antiparallel orientation relative to the purine-rich strand of the duplex with which it interacts, an orientation that is sterically not favored.Figure 1Predicted structure for the frameshift region of subtype MVP5180 of HIV-1 group O. (a) The slippery sequence (underlined) is followed by an 8-nt spacer and an 8-bp stem, capped by a 10-nt loop. Eight nucleotides of this loop could base-pair with a complementary region downstream of the stem-loop (proposed pairings are represented by broken lines). Such an interaction results in a pseudoknot with an 8-nt stem 1, a 2-nt loop 1, an 8-nt stem 2 and a 20-nt loop 2. (b) Structure of the frameshift region of subtype B of HIV-1 group M, as determined by Dulude *et al*.^14^

Here, the structure of the frameshift stimulatory signal of HIV-1 group O was investigated with a combination of mutagenesis and probing studies. The HIV-1 group O frameshift region or its mutants was inserted at the beginning of the coding sequence of a luciferase reporter gene, such that luciferase expression depends on a −1 frameshift. The luciferase activity was then assessed in 293T cultured cells and *in vitro*, in a rabbit reticulocyte lysate (RRL). The structure of the frameshift stimulatory signal of HIV-1 group O was also analyzed by probing the RNA fragment encompassing this region with RNase V~1~. The proposed structure was then assessed by computer modeling. Group O is subdivided into two subtypes: MVP5180 and ANT70, for which there are seven and one complete *pol* sequences, respectively. Our results show that the frameshift stimulatory signal of HIV-1 group O MVP5180 consists of a pseudoknot, and also, that this pseudoknot promotes a higher frameshift efficiency (and thus a higher Gag--Pol to Gag ratio) than the group M frameshift stimulatory signal. However, sequence differences in subtype ANT70 prevent the frameshift stimulatory signal from adopting the same pseudoknot structure as in subtype MVP5180.

2. Results
==========

2.1. Sequence analysis of HIV-1 group O frameshift region
---------------------------------------------------------

While the totality of studies on the HIV-1 frameshift have been carried out using group M, the frameshift region of group O has not been examined so far. We decided to investigate whether the frameshift region of HIV-1 group O encompasses the same slippery site and stimulatory signal as group M. As mentioned above, there are seven complete *pol* sequences for subtype MVP5180 and one complete *pol* sequence for subtype ANT70 (Los Alamos National Laboratory HIV Sequence Database).[@BIB17] We started the analysis of the frameshift region with MVP5180, the most represented subtype of group O. Examination of MVP5180 sequences suggests that the slippery sequence in this group O subtype is the same as in group M, while the frameshift stimulatory signal could be predicted to be an 8-bp stem (the thermodynamic stability calculated with *m*-fold[@BIB18] is −14.9 kcal/mol), capped by a 10-nt loop and separated from the slippery sequence by an 8-nt spacer. This stem-loop is different from that initially proposed as a frameshift stimulatory signal for group M. Moreover, for group O, because of the absence of base complementarity between the spacer region preceding the stem-loop and the sequence downstream of this stem-loop, the extended bulged stem-loop structure demonstrated for group M[@BIB14] cannot form ([Figure 1](#FIG1){ref-type="fig"}). However, examination of the frameshift region sequence in MVP5180 suggests that its frameshift stimulatory signal could form a pseudoknot structure by base-pairing between 8 nt of the loop capping the 8-bp stem and a complementary downstream sequence ([Figure 1](#FIG1){ref-type="fig"}).

2.2. Characterization of the frameshift region of subtype MVP5180 of HIV-1 group O
----------------------------------------------------------------------------------

To investigate whether the frameshift stimulatory signal of HIV-1 group O could adopt the proposed pseudoknot structure, we made a reporter construct for the frameshift region of subtype MVP5180 of HIV-1 group O, using a modified pcDNA3.1/Hygro(+) plasmid, in which the firefly luciferase (*luc*) reporter gene had been introduced under control of a CMV and a T7 promoter. The frameshift region of subtype MVP5180 or its derivatives was inserted between the first and second codon of *luc*, generating a series of pHIV/O-LUC (−1) constructs ([Figure 2](#FIG2){ref-type="fig"}). These insertions were such that a −1 frameshift was required to express the LUC reporter protein. An in-frame (0) control construct, in which ribosomes synthesize LUC through conventional translation, was also made for each (−1) frameshift construct examined, by adding an adenine immediately after the slippery sequence. The frameshift efficiency for each construct was measured by dividing the luciferase activity of the (−1) construct by the sum of that of the (0) and (−1) constructs, assuming that the same level of frameshift occurs in both (0) and (−1) constructs. The frameshift efficiency of these constructs was assessed in cultured cells and *in vitro*. For assays in cultured cells, the different pHIV/O-LUC (0) and (−1) constructs were transfected into 293T cells, and luciferase activity was measured in cell extracts 48 hours later. For *in vitro* assays, luciferase activity was measured after translation in RRL of the HIV/O-LUC mRNAs generated by transcription with T7 RNA polymerase of the *Stu*I-linearized plasmids.Figure 2Description of the luciferase expression vectors used for the study of the programmed −1 ribosomal frameshift of HIV-1 group O *in vitro* and in cultured cells. (a) The HIV-1 frameshift region of subtype MVP5180 of group O was inserted upstream of the coding sequence of the luciferase reporter gene, generating construct pHIV/O-87-LUC. The slippery site is UUUUUUA (underlined). All mutants of subtype MVP5180 were cloned by inserting between the *Kpn*I-*Bam*HI sites of the vector, the PCR product bearing the mutation investigated. For subtype ANT70 of group O, the corresponding vector was constructed by exchanging the *Eco*47III-*Bam*HI fragment with an appropriate oligonucleotide cassette. For the (−1) constructs, the luciferase sequence is in the −1 reading frame relative to the AUG initiation codon, so that a −1 frameshift is required to produce luciferase. An adenine was added immediately after the slippery sequence (at position 25) for the (0) constructs, so that luciferase is expressed by ribosomes that do not shift the reading frame. (b) Sequences of the frameshift region of all constructs used in this study. Nucleotides substituted or deleted compared to subtype MVP5180 of group O are underlined or represented by broken lines, respectively.

[Figure 3](#FIG3){ref-type="fig"} shows the characteristics of the structure of the different constructs and their frameshift efficiency, and the results are summarized in [Table 1](#TBL1){ref-type="table"} . Consistent with what was systematically observed in previous reports, the frameshift efficiency was higher *in vitro* than in cultured cells (see Ref. [@BIB14] and references therein), and was less sensitive *in vitro* to the presence of the stimulatory signal, compared to the situation in cultured cells,[@BIB19], [@BIB20] which was proposed to result from differences between the rate of translation *in vitro* and in cultured cells. As a reference construct for the study of the frameshift region of HIV-1 group O, we used pHIV/O-87-LUC. This construct bears the frameshift region of subtype MVP5180 of group O, encompassing the putative slippery site, the predicted stem-loop and the downstream region, with the sequence proposed to interact with the loop, thus forming a pseudoknot. The frameshift efficiency of pHIV/O-87-LUC was 4.7% in cultured cells and 10.2% *in vitro*. Using construct pHIV/O-k/o-LUC, in which the predicted slippery sequence UUUUUUA of pHIV/O-87-LUC was replaced by CUUCCUC, we first verified that the slippery sequence is the same in group O as in group M. The frameshift in pHIV/O-k/o-LUC was abolished or dramatically decreased in cultured cells and *in vitro*, respectively, confirming that group O viruses use the same slippery sequence as group M viruses. The influence on frameshift efficiency of the region downstream of the predicted 8-bp stem-loop was assessed with construct pHIV/O-60-LUC, bearing the slippery site and the 8-bp stem-loop, but lacking this downstream region. The frameshift efficiency of pHIV/O-60-LUC decreased two to threefold in cultured cells and *in vitro*, compared to pHIV/O-87-LUC. This indicates the presence of an element in the region downstream of the putative 8-bp stem-loop of group O that stimulates the frameshift efficiency, although it does not prove the existence of a pseudoknot structure.Figure 3Effect of different mutations in the frameshift region of subtype MVP5180 of HIV-1 group O on the frameshift efficiency. (a) A series of mutations were made within the frameshift region of pHIV/O-87-LUC (the dots correspond to the *Bam*HI linker connecting the frameshift region to the luciferase coding sequence): a slippery site mutant, pHIV/O-k/o-LUC, where the slippery sequence (underlined) is mutated (bases that are changed are in capital letters); deletion mutant pHIV/O-DSL-LUC, where the region encompassing stem 1 and its capping loop is deleted (deletion of bases 33 to 60); deletion mutant pHIV/O-60-LUC, where the region 3′ to stem 1 is deleted; substitution mutants where the 3′ strand of stem 1 is altered, impairing formation of stem 1 (pHIV/O-1.2-LUC), and where the 3′ and 5′ strands of stem 1 are simultaneously altered, allowing re-formation of stem 1 (pHIV/O-1.12-LUC). (b) Frameshift efficiency *in vitro* and in cultured cells for the pHIV/O-LUC constructs described above. *In vitro* translation experiments were made in 25 μl of RRL with 0.2 μg of mRNAs transcribed from the *Stu*I-digested pHIV/O-LUC constructs. Assays in cultured cells were made by co-transfecting 293T cells with 3 μg of pHIV/O-LUC and 1.25 μg of pcDNA3.1/Hygro(+)/lacZ. Frameshift efficiencies were calculated as described in the text. Each value represents the mean±standard error of five to six independent experiments. The bars indicate the standard error on the mean.Table 1Frameshift efficiency for different mutants of group O of HIV-1Frameshift efficiency (%)ConstructDescription*In vitro*In cultured cells  *Frameshift efficiency for regions of different length of group O*pHIV/O-87-LUCLong frameshift region10.2 (100)4.7 (100)pHIV/O-60-LUCShort frameshift region3.3 (32)1.9 (40)  *Frameshift efficiency for mutants of group O*pHIV/O-k/o-LUCAltered slippery sequence1.0 (10)0.2 (4)pHIV/O-1.2-LUCSubstitution (3′ strand of stem 1)3.4 (33)0.6 (13)pHIV/O-1.12-LUCSubstitution (stem 1 re-formed)10.0 (98)4.5 (96)pHIV/O-DSL-LUCDeletion (minus stem 1 and its capping loop)2.3 (23)0.4 (9)  *Frameshift efficiency for mutations impairing or re-forming the pseudoknot*pHIV/O-2.1-LUCSubstitution (loop capping stem 1)4.4 (43)1.6 (34)pHIV/O-2.2-LUCSubstitution (downstream segment)3.9 (38)2.1 (45)pHIV/O-2.12-LUCCompensatory (pseudoknot re-formed)10.3 (101)3.8 (81)pHIV/O-ANT70-LUCLong frameshift region for subtype ANT70 of group O4.0 (39)2.2 (47)[^1]

Next, the importance of the proposed 8-bp stem-loop for frameshift was demonstrated using three constructs: pHIV/O-1.2-LUC, pHIV/O-1.12-LUC and pHIV/O-DSL-LUC, all derivatives of pHIV-87-LUC. In pHIV/O-1.2-LUC, the 8 nt of the 3′-strand of the stem-loop were replaced with the 8 nt of the 5′-strand, thus impairing the formation of the stem. In pHIV-1.12-LUC, the 3′ and the 5′-strands of the stem were exchanged, thus restoring the capacity to form the stem. Finally, in pHIV/O-DSL-LUC, the stem-loop was deleted. For the two constructs where the stem-loop was either destabilized or deleted, the frameshift efficiency was reduced by about tenfold in cultured cells and three to fivefold *in vitro*, compared to pHIV/O-87-LUC. However, in pHIV/O-1.12-LUC, where the re-formation of the stem-loop was possible, the frameshift efficiency was restored to the wild-type level *in vitro* and in cultured cells. These results confirm the existence of the predicted 8-bp stem-loop structure and its involvement in the frameshift process. Since the region downstream of the stem-loop increases frameshifting in the presence of this stem-loop, as shown in [Figure 3](#FIG3){ref-type="fig"}, these results also support our suggestion that the frameshift stimulatory signal in MVP5180 is more complex than a simple stem-loop and could correspond to a pseudoknot structure.

2.3. Characterization of the pseudoknot in the frameshift region of subtype MVP5180 of HIV-1 group O
----------------------------------------------------------------------------------------------------

[Figure 4(a)](#FIG4){ref-type="fig"} shows a standard representation of the hypothetical pseudoknot that we proposed to act as a frameshift stimulatory signal in HIV-1 group O. To demonstrate the existence of this pseudoknot, we made a series of mutations in the loop capping the 8-bp stem, named stem 1, as well as in the downstream complementary sequence predicted to interact with this capping loop and to form stem 2 of the pseudoknot. Individually, these mutations impair the formation of stem 2, but when combined, should allow it to re-form ([Figure 4](#FIG4){ref-type="fig"}). The frameshift efficiencies of the constructs containing these mutations were assessed *in vitro* and in cultured cells and are presented in [Figure 4(b)](#FIG4){ref-type="fig"} (see also [Table 1](#TBL1){ref-type="table"}). The mutations consisted of replacing 8 nt of the loop capping stem 1, with the downstream set of complementary nt (pHIV/O-2.1-LUC). The frameshift efficiency of this construct was reduced by about two to threefold *in vitro* and in cultured cells, compared to the wild-type construct pHIV/O-87-LUC. This level of frameshift efficiency is similar to that obtained with the 8-bp stem-loop alone (pHIV/O-60-LUC). Similarly, the frameshift efficiency of pHIV/O-2.2-LUC, in which the eight bases downstream of stem 1 were replaced with the eight complementary bases of the loop, was decreased by about two to threefold *in vitro* and in cultured cells. However, combining both mutations (pHIV/O-2.12-LUC), so as to allow re-formation of stem 2 of the pseudoknot, restored the frameshift efficiency to the wild-type level *in vitro* and in cultured cells. Therefore, mutagenesis studies fully support our hypothesis that the stimulatory signal of subtype MVP5180 of HIV-1 group O adopts a pseudoknot structure.Figure 4Effect on the frameshift efficiency of mutations impairing formation of stem 2 of the pseudoknot of subtype MVP5180 of HIV-1 group O. (a) Description of mutations made within the *gag*/*pol* frameshift region of pHIV/O-87-LUC (the dots correspond to the *Bam*HI linker connecting the frameshift region to the luciferase coding sequence). Mutations were introduced either in the loop capping stem 1 or in the complementary downstream region, impairing formation of stem 2 (pHIV/O-2.1-LUC and pHIV/O-2.2-LUC, respectively), or allowing re-formation of this stem (pHIV/O-2.12-LUC). Subtype ANT70 of group O, where sequence differences compared to subtype MVP5180 impair formation of stem 2, was also assessed. (b) Frameshift efficiency *in vitro* and in cultured cells with the HIV/O-LUC constructs described above. Assays were as described in the legend to [Figure 3](#FIG3){ref-type="fig"}.

2.4. RNA structure probing of the pseudoknot of subtype MVP5180 of HIV-1 group O
--------------------------------------------------------------------------------

To provide an independent support for the pseudoknot structure in subtype MVP5180 of HIV-1 group O frameshift stimulatory signal, we made a structural probing analysis of an RNA fragment encompassing the *gag*/*pol* frameshift region of this subtype. Enzymatic probing with RNase V~1~, an enzyme that cleaves RNA in helical conformation, showed that the regions corresponding to stems 1 and 2 were attacked by the enzyme, with the strongest cleavage sites in stem 1 ([Figure 5](#FIG5){ref-type="fig"}). Stem 2 was also sensitive to RNase V~1~, contrasting with loop 2, which was only weakly attacked. The stacking of the two nucleotides in loop 1 likely accounts for its sensitivity to RNase V~1~. Altogether, probing experiments are in perfect agreement with the mutagenesis studies, showing that the frameshift stimulatory signal of HIV-1 group O MVP5180 is a pseudoknot.Figure 5Probing of the structure proposed for the frameshift stimulatory signal of subtype MVP5180 of HIV-1 group O. (a) Structure probing of the frameshift stimulatory signal by RNase V~1~ attack. An RNA transcript encompassing the *gag*/*pol* frameshift region was 5′ end-labeled with γ-^32^P and digested with RNase V~1~. Digestion products were analyzed on a 20% (left) and a 10% (right) acrylamide 7 M urea gel. The sites of cleavage were identified by comparison with a ladder of bands created by limited alkaline hydrolysis of the RNA (OH^−^). The nucleotides that were cleaved were identified by the absence of cleavage in the untreated control lane (0). The amount of units of enzyme added to each reaction is also indicated. (b) Summary of the RNase V~1~ attacks in the pseudoknot structure of the frameshift stimulatory signal of subtype MVP5180 of HIV-1 group O. The sensitivity of nucleotides to RNase V~1~ is shown by arrows of different size, where the size is approximately proportional to the intensity of the cleavage at that site. Bases 1 to 62 originate from subtype MVP5180, while bases 63 to 66 (in gray) originate from the vector.

2.5. Computer modeling of the pseudoknot of subtype MVP5180 of HIV-1 group O
----------------------------------------------------------------------------

Structural analysis of frameshifting pseudoknots and other frameshift stimulatory signals can lead to the identification of conserved motifs and also to a prediction of the mechanism through which frameshift is stimulated.[@BIB21] Based on the characteristics of their structure, two major classes of frameshifting pseudoknots can be proposed. In the first class, pseudoknots have an unpaired residue (usually an adenine) at the junction of the two stems, allowing a characteristic bent conformation that was proposed to be the conserved motif promoting frameshift stimulation.[@BIB22] The pseudoknot of the mouse mammary tumor virus (MMTV), resolved by NMR,[@BIB23] and that of the beet western yellow virus (BWYV), resolved by X-ray crystallography,[@BIB24] belong to this class. The frameshifting pseudoknots of the second class do not have an unpaired residue at the junction of the coaxially stacked stems. Among pseudoknots of this class are those of the simian retrovirus-1 (SRV-1), resolved by NMR,[@BIB25] and of the infectious bronchitis virus (IBV), which has been extensively studied by mutagenesis and probing studies.[@BIB26], [@BIB27], [@BIB28] No additional structural data on frameshifting pseudoknots with stacked stems are available, making identification of a conserved motif difficult. In addition to these two classes of pseudoknots, the Rous sarcoma virus (RSV) has an unusual pseudoknot, where the loop capping stem 1 is partly involved in the formation of stem 2 but contains two additional small sub-stem elements.[@BIB29]

Combining our mutagenesis and probing results with the structural information on −1 frameshifting pseudoknots recently provided by crystallographic and NMR studies, we made an *in silico* modeling of the HIV-1 group O pseudoknot ([Figure 6](#FIG6){ref-type="fig"}). As shown above, this pseudoknot was predicted to be a classic hairpin-type pseudoknot (e.g. with base-pairing in a hairpin loop). It has two 8-bp stems (stem 1 and stem 2) connected by loops of 2 nt (loop 1) and 20 nt (loop 2). Although the lengths of the stems and loops make the RNA pseudoknot of group O different from other pseudoknots promoting frameshift, these lengths still fit to the general steric requirements that allow the coaxial arrangement of the two stems.[@BIB30] Among the pseudoknots whose tertiary structure has been resolved, that of the SRV-1 RNA[@BIB25] is the best to be used as a starting conformation to model the structure of the group O RNA pseudoknot. In both pseudoknots, there is no intervening nucleotide between the two stems, so that one can presume that, like in the SRV-1 RNA pseudoknot, there is no kink between the two stems of the group O pseudoknot. Also, the lengths of stems 1 and 2 in both molecules differ by only two base-pairs while the length of loop 1 differs by only one nucleotide, which necessitates only minimal rearrangements. The only region that is notably different in both pseudoknots is loop 2, which is 8-nt longer in the group O RNA than in the SRV-1 RNA, and is much longer than needed for connecting the two stems, which suggests the existence of additional elements in the secondary structure of the pseudoknot. Indeed, visual analysis of the nucleotide sequence of loop 2 revealed the possibility to form an additional 3-bp stem in this loop, immediately after the junction with stem 1 (stem SS in [Figure 6](#FIG6){ref-type="fig"}). If this sub-stem is positioned coaxially to stem 1, it would effectively reduce the number of nucleotides in loop 2 down to only eight. Modeling such a structure showed that formation of this additional substructure and its coaxial position with respect to stem 1 does not create any problem for the connection of stem 1 and stem 2 with loop 2. Formation of this sub-stem would provide an additional stabilizing effect for the whole structure, where most nucleotides of the connector region become involved in H-bonding with the minor groove of stem 1, forming a triplex interaction. Although disruption of the putative sub-stem by mutagenesis did not affect frameshift efficiency in our assays (data not shown), it is still possible that it could affect frameshifting with the full-length viral RNA, and not with a reporter system. A similar 4-bp stem in loop 2 can also be proposed for the IBV pseudoknot, although a deletion in loop 2, impairing the formation of this putative stem, was found not to affect the frameshift efficiency.[@BIB31] The triplex interaction between loop 2 and stem 1 in group O pseudoknot involves an AACAA sequence. This is reminiscent of the situation observed in BWYV[@BIB24] and SRV-1,[@BIB25] where an AACAA sequence present in loop 2 is implicated in loop-helix triplex interactions. Furthermore, as in SRV-1, the cytosine of the AACAA sequence bulges out in our modeling of group O pseudoknot. Su *et al*.[@BIB24] and Michiels *et al*.[@BIB25] from their studies with BWYV and SRV-1, respectively, suggested that the formation of a triplex structure in a pseudoknot that promotes frameshift could be a signal to frameshift recognized by the translating ribosome. Our results with HIV-1 group O support this suggestion.Figure 6Stereo view of the computer modeled structure for the pseudoknot of subtype MVP5180 of HIV-1 group O. Stems (S1 and S2) and loops (L1 and L2) are represented in different colors. (a) Structure of the MVP5180 pseudoknot, with a putative sub-stem (SS) in loop 2 (see the text). Nucleotides in the loop of this sub-stem were not included in our modeling. (b) Schematic representation of the pseudoknot.

2.6. Subtype ANT70 of HIV-1 group O does not contain the same frameshift stimulatory signal as subtype MVP5180
--------------------------------------------------------------------------------------------------------------

As mentioned above, there is a second subtype for HIV-1 group O, ANT70,[@BIB1] for which only one complete *pol* sequence is available.[@BIB17] Sequence analysis suggests that subtype ANT70 uses the same slippery sequence, followed by the same 8-bp stem-loop as in subtype MVP5180. However, sequence differences in the region downstream of this stem-loop prevent formation in ANT70 of stem 2 of the pseudoknot present in MVP5180 (see [Figure 4(a)](#FIG4){ref-type="fig"}). The frameshift efficiency of subtype ANT70 was assessed with construct pHIV/O-ANT70-LUC containing the frameshift region from subtype ANT70. It was found to be about half of that of pHIV/O-87-LUC both *in vitro* and in cultured cells ([Figure 4(b)](#FIG4){ref-type="fig"}), which is consistent with the incapacity for this frameshift region to form the pseudoknot found in subtype MVP5180. This does not exclude however the possibility that the frameshift region of subtype ANT70 can form another pseudoknot (see [Discussion](#SEC9){ref-type="sec"}).

3. Discussion {#SEC9}
=============

Our results show that the frameshift stimulatory signal of subtype MVP5180 of HIV-1 group O is a pseudoknot, where 8 nt of a 10-nt loop capping an 8-bp stem base-pair with a downstream complementary sequence. The presence of this pseudoknot was demonstrated by site-directed mutagenesis and enzymatic probing of the frameshift stimulatory region. Among the two distinct classes of −1 frameshifting pseudoknots described above, the group O pseudoknot falls in the same class as those of SRV-1[@BIB25] and IBV,[@BIB26] characterized by the absence of any intervening nucleotide between the coaxial stems. Interestingly, the frameshift efficiency of the group O pseudoknot is two and four times lower than that of the SRV-1 and IBV pseudoknots, respectively. This can result from the difference in the length of stem 1, since shortening this stem from 11 to 10 bp caused an 85% loss of the frameshift efficiency for the IBV pseudoknot.[@BIB28] The lower frameshift efficiency observed for the HIV-1 group O pseudoknot can also relate to the absence of a guanosine-rich region in the 5′ arm of stem 1, which was found to contribute significantly to stimulation of frameshift in IBV,[@BIB28] SRV-1[@BIB32] and MMTV.[@BIB33] Formation of stem 2 in group O stimulates frameshift by two to threefold compared to the effect of a simple stem-loop (pHIV/O-87-LUC *versus* pHIV/O-60-LUC). A similar situation is encountered in the IBV[@BIB28] and RSV pseudoknots,[@BIB29] where destabilization of stem 2 has a less drastic effect than in SRV-1[@BIB34] and MMTV,[@BIB33] for which the frameshift efficiency is reduced by eight to tenfold under these conditions.

The use of a pseudoknot as a frameshift stimulatory signal makes HIV-1 group O distinct from group M, where this signal is an extended bulged stem-loop.[@BIB14] This observation supports previous phylogenetic analyses according to which the group O and group M clusters of HIV-1 originated from different monkey to human transmissions.[@BIB35], [@BIB36] Since evolution led to the selection of a stimulatory signal in group O different from group M, it likely corresponds to a need specific to group O. Here, we found that the frameshift efficiency in cultured cells was nearly 5% for group O MVP5180. When the frameshift region of group O was replaced with the frameshift region of group M subtypes, under conditions ensuring that any difference observed between the frameshift efficiency of group O and that of group M results from the difference in the structure of the stimulatory signal, we found that the frameshift efficiency of group M subtypes was about 2%, half of that of group O (our unpublished results). We can thus propose that the protease of HIV-1 group O viruses could be less active than group M protease, and that group O viruses require a Gag--Pol to Gag ratio higher than that of group M members, so as to incorporate more Gag--Pol in their virions for an optimal fitness during infection. Although there are no data available on the protease activity of group O, this protease is known to contain several secondary mutations that are found together with primary mutations causing resistance to protease inhibitors in variants of group M.[@BIB4], [@BIB5], [@BIB6] Moreover, mutations implicated in resistance to protease inhibitors usually reduce the activity of the enzyme in the absence of inhibitors. Another possibility to account for the higher frameshift efficiency of group O is that the sequence variations in the frameshift region of group O, compared to group M, reduce the activity of the three peptides encoded by this region, the spacer peptide, p1, the transframe peptide, TFP, and p6. These peptides are important for the formation of infectious viral particles,[@BIB37], [@BIB38], [@BIB39] and a higher production of Gag--Pol in group O viruses could compensate for a possible decrease in the activity of these peptides.

Surprisingly, the frameshift region of the other subtype of group O, ANT70, also contains an 8-bp stem capped by a 10-nt loop, but cannot form the same pseudoknot as MVP5180, since variations in the sequence downstream this stem-loop impair the formation of stem 2. The level of frameshift efficiency in this subtype, as measured in our reporter system, is about twofold less than in MVP5180. We cannot, however, exclude the possibility that the loop capping stem 1 interacts with another region further downstream to form a pseudoknot that would promote frameshift to a level close to that in MVP5180, and such complementary regions can indeed be found in the viral RNA sequence. Loop 2 in these putative pseudoknots would be very large, but other viruses, such as the human coronavirus, are known to use a frameshift stimulatory pseudoknot where loop 2 contains more than 160 nt.[@BIB40]

Finally, ribosomal frameshifting in HIV-1 represents an interesting novel target for an antiviral treatment. It is particularly important to develop new anti-HIV agents directed against group O viruses, since these viruses are naturally resistant to non-nucleoside reverse transcriptase inhibitors[@BIB3] and bear mutations that could lead to faster resistance against protease inhibitors.[@BIB4], [@BIB5], [@BIB6] The presence of a pseudoknot as a frameshift stimulatory signal in HIV-1 group O suggests that future anti-frameshift agents targeted against this signal must be developed independently for group M and group O members.

4. Materials and Methods
========================

4.1. Construction of plasmids
-----------------------------

All the plasmids used in this study were derived from pcDNA3.1-LUC, originating from pcDNA3.1/Hygro(+) (Invitrogen) where the luciferase gene was inserted under control of a CMV and a T7 promoter.[@BIB14] An oligonucleotide cassette containing a 5′UTR region of 55 nt, an initiator AUG and, two codons downstream, an *Eco*47III restriction site, was inserted between restriction sites *Kpn*I and *Bam*HI of pcDNA3.1-LUC, generating pcDNA3.1-5′UTR-LUC, where the insertion precedes the second codon of luciferase. The frameshift region of HIV-1 group O subtypes MVP5180 and ANT70 (GenBank accession nos. L20571 and L20587, respectively) was inserted between the *Eco*47III and *Bam*HI sites, creating pHIV/O-87-LUC (−1) and pHIV/O-ANT70-LUC (−1) constructs ([Figure 2](#FIG2){ref-type="fig"}). These constructs are such that the luciferase coding sequence is in the −1 reading frame relative to the initiator codon, so that only ribosomes that make a −1 frameshift produce luciferase, while ribosomes translating in the 0 reading frame terminate translation at a stop codon overlapping codon six of the *luc* sequence. For each construct, an in-frame control plasmid, the (0) construct, was created by inserting an additional adenine just after the slippery sequence of the (−1) construct. Derivatives of pHIV/O-87-LUC (deletion and substitution mutants) were created by PCR, by first amplifying mutated DNA fragments from pHIV/O-87-LUC construct with two primers for deletion mutants or mutants with substitutions 3′ of the stem-loop of the stimulatory signal, and with four primers for mutants with substitutions in the slippery sequence and in the stem-loop, as described by Ho *et al*.[@BIB41] The amplified DNA fragments were then subcloned between the *Kpn*I and *Bam*HI sites of pcDNA3.1-LUC, and all constructs were verified by sequencing the entire insert.

4.2. Transient transfections and luciferase assays
--------------------------------------------------

Transfections of HIV-1 group O plasmids in 293T cells were carried using a standard calcium-phosphate precipitation method,[@BIB42] with 3 μg of a pHIV/O-LUC construct and 1.25 μg of pcDNA3.1/Hygro(+)/lacZ coding for β-galactosidase, as described.[@BIB14] For luciferase assays, 1.5 μl of cell extract (600 μl) was added to 50 μl of Luciferase Assay Reagent (Promega) and the light emitted was measured with a Berthold Lumat LB 9507 luminometer. Frameshift efficiencies were calculated by dividing the luciferase activity of the (−1) construct by the sum of the luciferase activity of the (0) and (−1) constructs. The β-galactosidase activity was measured with the chlorophenolred-β-galactopyranoside substrate (Calbiochem), as described,[@BIB43] with aliquots of 10 μl of cell extracts, and used to normalize luciferase activities for variations in transfection efficiency.

4.3. *In vitro* transcription and translation
---------------------------------------------

*In vitro* transcriptions were carried out essentially as described,[@BIB14] using *Stu*I-linearized pHIV/O-LUC constructs. These RNA transcripts (0.2 μg) were translated in 25 μl of RRL (Promega) at 30 °C for 15 minutes, a reaction time for which the translation system functions at its maximal rate. The reaction was stopped by addition of EDTA to a final concentration of 6 mM. Luciferase activity was monitored as mentioned above, with 2.5 μl of the translation mixture. Frameshift efficiencies were calculated as described above.

4.4. Enzymatic probing of RNA structure
---------------------------------------

Enzymatic probing of the structure of an RNA fragment encompassing the frameshift region of HIV-1 was performed as described with minor modifications.[@BIB14], [@BIB29] An oligonucleotide cassette containing a T7 promoter followed by the HIV-1 group O *gag*/*pol* frameshift region (bases 26 to 87, [Figure 2](#FIG2){ref-type="fig"}) was cloned between the *Nae*I and *Bsp*119I sites of pGEM^®^-7Zf(−) (Promega), generating the recombinant plasmid pGEM-HIV/O. The RNA transcript, produced by *in vitro* transcription of the *Bsp*119I-linearized plasmid, was 5′-end-labeled with γ-^32^P using a standard dephosphorylation--rephosphorylation method,[@BIB44] purified from a 10% (w/v) acrylamide--7 M urea gel and dissolved in 500 mM NH~4~OAc, 10 mM Mg(OAc)~2~, 1 mM EDTA and 0.1% (w/v) SDS. Probing with RNase V~1~ (in a total volume of 10 μl containing 10^5^  cpm of 5′-end-labeled RNA supplemented with 1 μg of yeast tRNA) was done at 25 °C for 15 minutes in 10 mM Tris-HCl (pH 8), 10 mM MgCl~2~, 100 mM KCl and 0 to 0.01 units of enzyme (Ambion). The reaction was stopped by adding an equal volume of formamide gel loading buffer, the sample was heated two minutes at 95 °C and immediately loaded for analysis on a 10% and a 20% polyacrylamide--7 M urea gel.

4.5. Computer modeling
----------------------

Preliminary modeling was done interactively, using InsightII/Discover package (Version 2000, Accelrys Inc., San Diego, CA). The solution structure of the SRV-1 RNA pseudoknot[@BIB25] (PDB identificator 1E95), having six base-pairs in each of the two stems and one and 12 nucleotides in loops 1 and 2, respectively, was used as a starting conformation. The nucleotide sequence of the molecule was changed and additional base-pairs were appended to both stems according to the suggested model of the secondary structure for the RNA pseudoknot of group O subtype MVP5180. The unpaired nucleotides of loops 1 and 2 were arranged as in the structure of these regions in the SRV-1 RNA pseudoknot, providing a reasonable system of H-bonds and base--base stacking interactions. The model was submitted to unrestrained energy minimization using the AMBER forcefield[@BIB30] until an energy minimum was reached. Visualizations were done in a Silicon Graphics O2 computer. The PDB file is available on request.
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[^1]: All pHIV/O-LUC constructs contain the HIV-1 *gag*/*pol* frameshift region of group O MVP5180 (except for construct pHIV/O-ANT70-LUC). Mutants of the group O frameshift region are further identified by a short description recalling their characteristics (see details in [Figure 3](#FIG3){ref-type="fig"}, [Figure 4](#FIG4){ref-type="fig"}). For each (−1) construct, an in-frame (0) control was made to monitor the frameshift efficiency. The numbers between brackets represent the frameshift efficiency of each construct relative to pHIV/O-87-LUC, which is arbitrarily set at 100%. Results are the means of five to six independent experiments. Standard error on the mean was inferior or equal to 10%.
